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ABSTRACT Identifying themechanisms responsible for the interaction of peptideswith cell membranes is critical to the design of
new antimicrobial peptides andmembrane transporters.We report here the results of a computational simulation of the interaction
of the 13-residue peptide indolicidinwith single-phase lipid bilayers of dioleoylphosphatidylcholine, distearoylphosphatidylcholine,
dioleoylphosphatidylglycerol, and distearoylphosphatidylglycerol. Ensemble analysis of the membrane-bound peptide revealed
that, in contrast to the extended, linear backbone structure reported for indolicidin in sodium dodecyl sulphate detergent micelles,
the peptide adopts a boat-shaped conformation in both phosphatidylglycerol and phosphatidylcholine lipid bilayers, similar to that
reported for dodecylphosphocholine micelles. In agreement with ﬂuorescence and NMR experiments, simulations conﬁrmed that
the peptide localizes in themembrane interface, with the distance between phosphate headgroups of each leaﬂet being reduced in
the presence of indolicidin. These data, along with a concomitant decrease in lipid order parameters for the upper-tail region,
suggest that indolicidin binding results in membrane thinning, consistent with recent in situ atomic force microscopy studies.
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Derived from bovine neutrophils, indolicidin is a potent
antimicrobial agent comprised of only 13 amino acid resi-
dues (ILWPKWPWWPWRR-NH2). This short peptide is
effective against a broad spectrum of organisms, including
bacteria, fungi, protozoa, HIV-1, and T-lymphocytes (1). Like
most other cationic antimicrobial peptides (AMPs), indoli-
cidin has a 14 charge at physiological pH; however it does
not adopt the a-helical or b-structure conformations seen
in other AMPs. Rather, it has been shown that indolicidin
adopts a disordered conformation in solution and a mem-
brane-interacting structure containing coils and turns (2–5).
Most AMPs are believed to act by disrupting the mem-
brane. Indolicidin’s mode of action differs in that it does not
induce cell lysis upon binding (6). It has been suggested that
indolicidin inhibits DNA and RNA synthesis after trans-
locating into the cell through defects that it creates in the
membrane (2,6). We recently demonstrated by correlated
atomic force microscopy (AFM)-confocal imaging that as-
sociation of indolicidin with phase-segregated, supported
planar bilayers rather than initiating pore formation, in fact
causes membrane thinning (7).
To explore how indolicidin exerts its action, and to com-
plement our experimental studies, we initiated a molecular
dynamics (MD) study of indolicidin-membrane interactions
using GROMACS (8). Recently, Khandelia and Kaznessis
used MD approaches to examine indolicidin association in
dodecylphosphocholine (DPC) and sodium dodecyl sulphate
(SDS) micelles wherein they found good agreement with ex-
perimental NMR data (9). For our simulations, we compu-
tationally generated lipid bilayers similar to those used in our
previous study (7), speciﬁcally dioleoylphosphatidylcholine
(DOPC) (ﬂuid-phase zwitterionic), distearoylphosphatidylcholine
(DSPC) (gel-phase zwitterionic), dioleoylphosphatidylgly-
cerol (DOPG) (ﬂuid-phase anionic), and distearoylphospha-
tidylglycerol (DSPG) (gel-phase anionic). Simulations were
performed on indolicidin (PDB code, 1g89) using periodic
boundary conditions and a solvated single-phase 128-molecule
lipid bilayer. To remove bias and provide greater statistical
sampling, three peptide conformations were randomly selected
after an equilibration phase of 5 ns in water. As opposed to
the micelle simulations in Khandelia and Kaznessis (9) where
the peptide was inserted within a micelle, in our simula-
tions, the peptide was placed 7 A˚ above the bilayer in free
solution so that we could examine the early stages of mem-
brane association. All simulations were conducted over a 50-ns
time period, with ensemble calculations performed on the
last 20 ns of the trajectories.
Our data revealed that indolicidin partitioned into the
membrane-solution interfacial region, in agreement with tryp-
tophan ﬂuorescence quenching experiments, spin-label lipid
probe studies, and previous MD simulations of indolicidin-
micelle interactions (4,9,10). Consistent with a greater elec-
trostatic attraction between the cationic peptide and anionic
lipid headgroups, our simulations revealed that indolicidin-
bilayer association was fastest for the DOPG bilayers, fol-
lowed byDSPG, DSPC, andDOPC cases, respectively. From
a randomly structured form in solution, indolicidin adopted
a range of conformationswhenmembrane bound (Fig. 1)with
Deﬁne Secondary Structure of Proteins (DSSP) analysis sug-
gesting the existence of a bend at P3-W4 and a coil atW9-W11.
The conformation of the anionic bilayer-bound indolicidin
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structures differed from the linear forms seen in SDSmicelles
(2,3,9), and are more consistent with structures deduced from
circular dichroism spectroscopy studies of indolicidin interact-
ing with palmitoyl-oleoyl-phosphatidylcholine and palmitoyl-
oleyoyl-phosphatidylglycerol vesicles (4).
From our simulations, the backbone root mean-square
deviation of indolicidin was;0.55 A˚ in zwitterionic bilayers
(DSPC, 0.55 A˚; DOPC, 0.56 A˚), and ;0.66 A˚ in anionic
bilayers (DSPG, 0.65 A˚; DOPG, 0.67 A˚). A similar trend in
root mean-square deviation values was seen for the peptide
side chains. These data are quite comparable to those re-
ported in the previous NMR study (3). We also found that
the backbone root mean-square ﬂuctuation proﬁle (data
not shown) was similar to that reported in Khandelia and
Kaznessis (9). We noted that the root mean-square ﬂuctua-
tion for the membrane-bound peptide was larger for the an-
ionic bilayers compared to the zwitterionic cases (Fig. 1 C).
Not unexpectedly, our simulations revealed that the number
of peptide-lipid hydrogen bonds increased with decreasing
indolicidin-membrane separation. Speciﬁcally, persistent bonds
formed between backbone amides of I1, L2, R12, and R13, and
the side-chain amines of K5, R12, and R13, with either the
phosphate or glycerol oxygens of the lipid headgroups. Al-
though no backbone hydrogen bonds were found in the peptide
when it was bound to zwitterionic bilayers, similar to what has
been reported in indolicidin-detergent interactions (3,9), we did
ﬁnd backbone hydrogen bonds formed between W4-W6, W6-
W9, and/orW9-W11when it interactedwith an anionic bilayer.
It has been suggested that the formation of a more ordered
secondary structure upon binding with a membrane signiﬁ-
cantly reduces the energy cost of partitioning a peptide into the
interface region (11). Aside from the obvious charge-charge
attraction, this observation may provide another basis for the
enhanced association of indolicidin with anionic membranes.
Indolicidin’s preference for the lipid-water interfacial re-
gion has been attributed to its high tryptophan content with
the bulky and partially charged indole side group readily
accommodated by the electrostatic heterogeneity in this
region (12). In Fig. 2, the average insertion depths of the ﬁve
indolicidin tryptophan residues are shown where zero refers
to the center-of-mass of the phosphorus atom of the lipid
headgroups. With the exception of DSPC, for all the lipid
compositions examined here, W8 penetrated the furthest,
followed byW4, to the depth of glycerol oxygens of the lipid
headgroups.
In our previous combined AFM-confocal microscopy
study of indolicidin binding to phase-segregated supported
planar lipid bilayers, we observed an ;1.5-nm lowering of
the ﬂuid phase domains upon indolicidin binding (7). In our
computational studies, a similar effect was noted. To quan-
tify this, we ﬁrst deﬁned peptide-associated lipid molecules
to be those found within 1.5 nm of the peptide backbone. The
extent of membrane thinning was then determined by taking
the difference between bilayer thicknesses of the associated
and nonassociated lipids, with the largest effect (;4.1 A˚)
seen in the DOPG bilayers. We note that the differences
between our simulated and experimental data may be due to
the extent of indolicidin association with the membrane bi-
layers. In the case of the simulations, we were only consid-
ering isolated peptides whereas in the real-world experiments,
it is likely that there are cooperative effects between in-
dolicidinmolecules duringmembrane binding. Data obtained
from peptide-free bilayer simulations revealed that the bilayer
thicknesses ﬂuctuated ;0.033 nm over the same timescale,
suggesting that the changes in the bilayer thickness seen in the
presence of the peptide are indeed due to indolicidin binding.
FIGURE 1 Equilibrium conformations, generated by clustering
the last 20-ns trajectories of indolicidin in (A) water; (B) zwitter-
ionic lipid bilayers (DOPC, pink; DSPC, cyan); (C) anionic lipid
bilayers (DOPG, red; DSPG, blue). Green tubes show NMR
structure of indolicidin in DPCmicelles (1g89.pdb). (D) The same
set of equilibrium conformations of indolicidin in contact with
anionic lipids as in panel C. Yellow tubes show conformation of
indolicidin in SDS micelles (1g8c.pdb).
FIGURE 2 Running averages of the distance between the
center-of-mass of tryptophan residues and phosphorus atoms
of top bilayer leaﬂet over the last 20 ns of the simulations; W4
(black solid), W6 (red dot), W8 (blue dash), W9 (green dot dash),
W11 (orange solid). A more negative value corresponds to
deeper penetration into the bilayer.
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It is possible that the observed reduction in membrane
thickness was due to interdigitation of the lipid molecules
and/or disordering of the upper bilayer leaﬂet during peptide
binding (13–15). Indeed close inspection of the simulation
data revealed that both mechanisms were present. As can be
seen in Fig. 3, interdigitation of lipid tails for the peptide-
associated lipids does occur, along with local disorder of the
membrane. We have quantiﬁed this disorder by examining
the changes in the deuterium order parameters (16), SCD ¼
Æ1/2 (3cos2u 1)æ, for the associated and nonassociated lipid
carbon tails. In our anionic bilayer simulations, the associ-
ated lipid molecules had a much lower SCD value for those
carbon atoms situated just below the headgroups, corre-
sponding to a lower degree of orientational order, compared
with the nonassociated lipids. In simulations with zwitter-
ionic bilayers, there was no discernable trend in the SCD
values for either of the associated or nonassociated lipids.
We also noted that the radial distribution of lipid phosphorus
atoms located;4 A˚ from the peptide was signiﬁcantly higher
after the peptide has fully associated with the bilayer than at
the beginning of the simulation. These data strongly support
a model wherein as indolicidin partitions into the membrane
interface, it recruits surrounding lipids, leading to a local
disruption of headgroup packing and leaﬂet interdigitation
for the peptide-associated lipids. The net result is localized
thinning of the membrane for the peptide-associated regions.
In agreement with our previously reported AFM studies,
our computational simulations of indolicidin binding to
model-supported lipid bilayers have revealed atomistic de-
tails of lipid disordering upon peptide association. Our data
suggest that although electrostatic interactions play a role in
the initial peptide-membrane attraction, interfacial partition-
ing of the peptide is largely driven by sequence hydropho-
bicity, as has been suggested by several studies of indolicidin
analogs (5,17). Computational simulations of indolicidin
analogs are underway to provide additional insights to these
putative membrane disruption mechanisms.
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FIGURE 3 A snapshot of lipid tail interdigitation in DOPC;
t 5 43 ns. Upper leaﬂet is colored in lime and the lower leaﬂet
is colored in cyan. Glycerol oxygens of the phospholipids are
drawn as red spheres. The tails of two lipid molecules (orange
sticks) penetrate into the lower leaﬂet as their headgroups in-
teract with indolicidin (black tube).
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